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Organ formation and growth requires cells to orga-
nize into properly patterned three-dimensional archi-
tectures. Network formation within the vertebrate
vascular system is driven by fusion events between
nascent sprouts or between sprouts and pre-existing
blood vessels. Here, we describe the cellular activ-
ities that occur during blood vessel anastomosis in
the cranial vasculature of the zebrafish embryo. We
show that the early steps of the fusion process
involve endothelial cell recognition, de novo polariza-
tion of endothelial cells, and apical membrane invag-
ination and fusion. These processes generate a
unicellular tube, which is then transformed into a
multicellular tube via cell rearrangements and cell
splitting. This stereotypic series of morphogenetic
events is typical for anastomosis in perfused
sprouts. Vascular endothelial-cadherin plays an
important role early in the anastomosis process
and is required for filopodial tip cell interactions
and efficient formation of a single contact site.
INTRODUCTION
The vasculature of vertebrate species is indispensable for the
distribution of oxygen, nutrients, metabolites, and blood cells
to and from all organs of the body. The interconnected network
of vascular tubes develops to a large extent during embryogen-
esis (Risau and Flamme, 1995). To maintain its vital function dur-
ing embryonic growth and organogenesis, the vascular system
undergoes extensive remodeling and expansion. Sprouting
angiogenesis is thought to be themain process used to vascular-
ize previously avascular tissues or areas (Carmeliet and Jain,
2011; Gerhardt et al., 2003; Herbert and Stainier, 2011). To
form new vascular loops, angiogenic sprouts emerge from
parental vessels and eventually fusewith another sprout or a pre-
existing blood vessel, a process called anastomosis (Adams and
Alitalo, 2007; Isogai et al., 2003; Wacker and Gerhardt, 2011).
Little is known about blood vessel anastomosis at themorpho-
logical and at the molecular level. Vascular fusion has not been
studied extensively in cell culture, and in vivo studies have
been held back by the difficulty to image developing blood ves-
sels in mice.492 Developmental Cell 25, 492–506, June 10, 2013 ª2013 Elsevier IWe have previously analyzed the fusion of segmental arteries
(SAs) during zebrafish trunk development (Herwig et al., 2011).
These studies showed how distinct cellular mechanisms, such
as cell polarization and cell shape changes, contribute to SA
fusion and DLAV (dorsal longitudinal anastomotic vessel) for-
mation. Surprisingly, we found that after the first contact forma-
tion, endothelial cells (ECs) can use two alternative mechanisms
to connect luminal compartments of fusing sprouts and form a
perfused vessel. These include unicellular tube formation
through membrane invagination or cell rearrangements that
lead to multicellular tubes. In the SAs, these two mechanisms
occur with similar frequency, which raised the question as to
how they are controlled and regulated. It is not clear to what
extent the fusion events in the DLAV reveal the cellular activities
underlying this process during later stages, when blood flow in
the embryo is fully established. In addition, vessel sprouts often
fuse to perfused vessels, a process that involves a single sprout.
Whether this altered cellular configuration uses similar mecha-
nisms to establish functional connections is not known. Further-
more, molecular components important for distinct events
during the fusion process have not been identified thus far.
Here, we have performed high-resolution time-lapse analysis
on cranial blood vessels in the zebrafish to reveal the morphoge-
neticmechanisms that underlie anastomosis of perfused sprouts
and vessels. Using fluorescent reporters, labeling different cell
compartments, we are able to define a multistep process, which
operates consistently in the different blood vessels examined.
The sequence of events is controlled by blood flow, ensuring
that unicellular tube formation precedes cell rearrangements.
Furthermore, we find that vascular endothelial (VE)-cadherin is
essential for coordinating the early steps of the anastomosis pro-
cess but is not required for the initial tip cell polarization upon
contact.
RESULTS
Formation of the Palatocerebral Artery in the Zebrafish
Cranial Vasculature
The palatocerebral artery (PLA) is one of the first cranial
vessels that form via angiogenesis in the head of a developing
zebrafish embryo (Figure 1A). It is a unique vessel that
extends rostrally along the base of the forebrain (Isogai et al.,
2001) and connects the two cranial divisions of the internal
carotid artery (CrDI) vessels that encircle the optic capsules on
both sides of the embryo head. At 36 hpf, sprouts of the
PLA vessel (PLA and PLA0, Figure 1B) start to grow ventrally
from the CrDIs on both sides of the embryo head. The sproutsnc.
Figure 1. Palatocerebral Artery Forms through Fusion of Two Lumenized Angiogenic Sprouts
(A) Front view of a zebrafish Tg(kdrl:EGFP)s843 embryo head at48 hpf. Blood vessels (green) together with bright-field image show the location of PLA within the
head tissue (arrow).
(B) Schematic representation of PLA development (green) in the head vasculature from 32 to 48 hpf. PLA, palatocerebral artery; PLAJ, junction of the palato-
cerebral arteries; CrDI, cranial division of the internal carotid artery; DCV, dorsal ciliary vein; PrA, prosencephalic artery; PMBC, primordial midbrain channel;
ACeV, anterior (rostral) cerebral vein; CMV, communicating vessel; NCA, nasal ciliary artery.
(C) Still pictures of a time-lapse movie showing formation of the PLA in a transgenic embryo Tg(kdrl:EGFP)s843;(kdrl:mKate-nls)ubs13. Endothelial cell cytoplasm is
green and the nuclei are yellow (*). The PLA sprouts (C, arrows) extend from the CrDI and grow toward each other. Red bars mark the lumen length. The sprouts
contact each other and anastomose (white arrow) to form a lumenized vessel that consists of five to six cells.
(D) Still pictures of a time-lapse movie showing the formation of the PLA in a transgenic embryo Tg(fliep:GFF)ubs3,(UAS:mRFP),(UAS:VE-cadherinDC-EGFP)ubs12.
Cell-cell junctions are shown in green and cell cytoplasm in red. PLA sprouts (D, white arrows) are led by single tip cells connected to the stalk by a ring-shaped
junction (D0–D00 0, white arrowheads). Red arrows show the lumen margin in each sprout. Upon contact of the sprouts, a spot of VE-cadherin-EGFP appears (D0,
white arrow). The spot elongates into a ring-shaped junction (D0 0, D00 0, white arrow), and lumen is pushed through the junction for vessel perfusion (D00 and D00 0 red
arrows). An asterisk marks the endothelial nuclei.
(E) VE-cadherin-EGFP only (black), corresponding to stills in (D).
(F) A cellularmodel of PLA fusion. Time points correspond to the images shown above. Red and green cells are tip cells; stalk cells are gray. Black arrows show the
sprouts (F) and the contact formation (F0–F00 0). Red arrows show the luminal/apical membrane (F–F00) or transcellular lumen (F00 0).
See also Figure S1 and Movie S1. Scale bars, 20 mm.
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perfused at 40 hpf, and blood flow is present in one direction
(Figure 1B0). Subsequently, the communicating vessel (CMV)
and CMV0 sprout ventrally from the prosencephalic arteries
(PrA and PrA0) and connect to the center of the PLA, making
up the PLA junction (PLAJ) (Figure 1B00). After this connection
is made, blood flow is redirected and blood cells start to move
from both parts of the PLA toward the centrally situated PLAJ
and upward to the CMVs.DevelTo gain insights into cellular aspects of PLA formation, we
performed high-resolution four-dimensional (4D) confocal imag-
ing using transgenic zebrafish lines with endothelial-specific
cytoplasmic EGFP and nuclear mKate2 expression
(Tg(kdrl:EGFP)s843;(kdrl:mKate-nls)ubs13). We found that each of
the PLA sprouts consisted of two to three endothelial cells.
The sprouts moved toward each other and finally connected in
a process called vessel fusion or anastomosis. The newly formed
vessel was subsequently lumenized and soon after blood flowopmental Cell 25, 492–506, June 10, 2013 ª2013 Elsevier Inc. 493
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uniform in all endothelial cells, it was not possible to resolve indi-
vidual cell shapes and cell behavior within the developing blood
vessel with these analyses.
De Novo Cell Polarization Initiates the Formation of the
PLA
To describe the process in greater detail, we used in vivo visual-
ization of cell-cell junctions in order to follow individual cells
of the developing PLA during contact formation and anasto-
mosis. We used a previously generated transgenic line
Tg(fliep:GFF)ubs3;(UAS:mRFP);(UAS:EGFP-ZO-1)ubs5, that ex-
presses and localizes ZO-1 (Zona occludens 1) tagged with
EGFP to endothelial cell junctions, referred to as EGFP-ZO-1.
This transgene shows mosaic expression convenient for sin-
gle-cell analyses. Additionally, we generated a transgenic line
expressing the vascular-specific adhesion molecule VE-cad-
herin, in which the cytoplasmic domain was replaced by EGFP
(Tg(UAS:VE-cadherinDC-EGFP)ubs12). In this line, referred to as
VE-cadherin-EGFP, the fusion protein was expressed in most
of the endothelial cells. In both lines, the cell-cell junctions of
ECs are visualized with EGFP, and the cell bodies are marked
by the presence of cytoplasmic monomeric red fluorescent pro-
tein (mRFP).
In multiple time-lapse analyses with VE-cadherin-EGFP (n =
20), we observed that in each PLA sprout, a single tip cell was
leading the front of the sprout and was connected to the
following stalk cells by a ring-shaped junction (Figures 1D and
1E). Upon contact of two tip cells from opposing sprouts, a
spot of VE-cadherin-EGFP appeared at the contact site (n =
20), demonstrating the de novo deposition of junctional material
in the basal membrane (Figure 1D0). This spot was subsequently
transformed into a ring as the cells expanded their contact sur-
face (Figures 1D/E0–D/E00 0; Movie S1 available online). During
the fusion process, cell membranes within the ring of VE-cad-
herin-EGFP were of apical character, as shown by the presence
of Podocalyxin-like 2 (Pdxl2), a marker for apical membrane, in
immunostaining experiments (Figure S1B). Interestingly, each
tip cell had two apical membrane compartments at this stage:
one at the new contact site and one facing the lumen, where
the cell was connected to the following stalk cells (Figures 1F00
and S1A–S1C).
Lumen Formation in the PLA
The formation of a new contact and apical polarization was fol-
lowed by lumen perfusion. The PLA forms at 36 hpf when the
developing embryo has already established heartbeat and blood
flow. We observed that the outgrowing sprouts were already lu-
menized, in many cases almost to the very tip, thus including
parts of the tip cells (n = 20). The lumen extended from the
parental CrDI vessel, between the stalk cells of the sprout,
beyond the ring-like junctional connection into the tip cell,
causing its luminal/apical membrane to invaginate toward the
end of the sprout (Figures 1D and 1E), generating a dead-ended
tube. Apical membrane invagination into the tip cell was
confirmed by immunostaining with Pdxl2 (Figures S1A–S4C). Af-
ter tip cell contact formation, the lumen extended toward the
new contact site and eventually pushed through the newly
formed junctional ring, suggesting that the perfusion of a new494 Developmental Cell 25, 492–506, June 10, 2013 ª2013 Elsevier Ivessel involved further tip cell membrane invagination and finally
apical membrane fusion within the tip cell, leading to the forma-
tion of a unicellular tube with continuous transcellular lumen (Fig-
ures 1D, 1E, and 1F00 0, n = 20).
We confirmed the presence of transcellular lumen in the newly
anastomosed PLA vessel with antibody staining, which showed
a continuous apical membrane within single tip cells (Fig-
ure S1D). Furthermore, we observed that blood cells traveled
through single lumenized endothelial cells in live embryos (data
not shown).
To confirm the initial events in PLA fusion, we also performed
single-cell live imaging analyses using the junctional marker
EGFP-ZO-1 (n = 2), which is expressed in a mosaic fashion. In
the particular experiment shown, only a single tip cell was
labeled with the fluorescent junctional marker. We were able to
follow the formation of a new junction spot that later transformed
into a ring-like structure, as well as the formation of the transcel-
lular lumen, demonstrating that, during the fusion process, an
individual tip cell formed a unicellular tube connected on both
sides to neighboring cells with junctional rings (Figures 2A and
2B; Movie S2).
Because membrane invagination appeared to be an im-
portant cellular aspect of vessel fusion, we generated a trans-
genic line expressing a membrane tagged version of mKate2
red fluorescent protein in endothelial cells (TgBAC(kdrl:
mKate2-CAAX)ubs16). In these embryos, the fluorescent protein
localized to endothelial cell membranes and allowed distinguish-
ing the apical and the basal cell membrane with the use of high-
resolution confocal imaging (Figure S1F). After a new contact
was established, the apical membrane of each PLA sprout tip
cell invaginated toward the contact site to finally reach the other,
newly formed apical membrane of the same cell (Figures 2C, 2D,
and 2G; Movie S3A). This process lead to the connection of the
two luminal/apical compartments of each tip cell into a single,
continuous one, resulting in lumen perfusion in both tip cells
(n = 13).
Additionally, we performed angiography experiments by in-
jecting fluorescein-labeled 500 kDa dextran (FITC-Dextran,
Molecular Probes) into the vascular system. In these experi-
ments, all open vessels connected to the flow were filled with
the fluorescent dye (Figure 2C, green). The sprouting PLA filled
up with dextran, up to the point to which membrane invagination
had proceeded (Figure 2C, red arrows). This showed that the
lumen forming in each sprout was continuous and connected
to the existing vascular network. As the vessel perfused, the lu-
mens from both sprouts connected and the vessel opened up,
allowing the dextran to flow through.
The initial perfused lumen was not always stable. In 40%
(n = 13) of the time-lapse experiments we performed with the
membrane marker, we observed that the lumen temporarily
collapsed and inflated again. This involved dynamic rearrange-
ments of the apical membrane, which in certain cases formed
large spherical compartments no longer connected to the
perfused lumen (Figures 2E and 2F). These membrane compart-
ments were always filled with dextran, showing that they origi-
nated from the previous luminal membrane. Eventually, the
sphere reconnected with the neighboring luminal compartment,
forming again a continuous luminal space (Figures 2E and 2F00 00;
Movie S3B).nc.
Figure 2. Lumen Formation in the PLA
(A and B) Still pictures of a time-lapse movie showing contact and lumen formation in a transgenic embryo Tg(fliep:GFF)ubs3,(UAS:mRFP),(UAS:EGFP-ZO-1)ubs5.
One of the tip cells is labeled with EGFP-ZO-1 (green). ECs cytoplasm is red. White arrows point the ends of the labeled cell (A–A00) and the edges of EGFP-ZO-1
rings (A00 0) when the cell becomes a unicellular tube with transcellular lumen (A00 0, red arrow). (B) shows the EGFP-ZO-1 labeled cell alone, enlarged 23 (black).
(C and D) Still pictures of a time-lapse movie showing lumen formation in the PLA in a transgenic embryo TgBAC(kdrl:mKate-CAAX)ubs16 injected with FITC-
dextran. After the tip cell contact is established, the luminal/apical membrane (red arrows) invaginates toward the contact site (C, D, arrowheads). White/black
arrows shows the nonlumenized cell parts. Dextran (green) reaches the end of the luminal membrane, showing that the lumen is connected to the circulation. The
membrane invagination advances from both sides (red arrows) until the two lumens are only separated by a small part of the cell body (C00/D00 white/black arrows).
Perfusion of the lumen involves membrane fusion and connects the two lumens allowing the dextran to flow through.
(E and F) Still pictures of a time-lapse movie showing possible apical membrane rearrangements after initial lumen perfusion. A fully formed lumen (red arrow
marks continuous lumen) partially collapses leading to separation of an apical membrane compartment in the form of a large sphere filled with Dextran (red
arrowheads). The sphere can be maintained for a certain time (E00 and E00 0), and finally it reconnects with the neighboring luminal compartment.
(G) A 3D model of a tip cell undergoing transcellular lumen formation through cell membrane invagination. The basal membrane is light gray; the apical/luminal
membrane is dark gray. Red arrows point out the lumen end and the lumen length (in the cross sectionmodels). Black arrows show the new contact formation site,
with junctions marked in black and new apical membrane in dark gray within.
Scale bars, 20 mm. See also Figures S1 and S2 and Movies S2 and S3.
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The above experiments demonstrate that the initial lumen
formed during PLA fusion involves cell membrane invagination
and results in a transcellular lumen within the two participating
tip cells, which form unicellular tubes. However, using antibody
staining and live imaging of junctional proteins, we observed
that the PLA had a clear multicellular architecture at later stages
(48 hpf) (Figure S1E). This suggests that the initial unicellularDevelconformation, present right after fusion, is transient and that
endothelial cells engage in a series of dynamic cell rearrange-
ments within the existing vessel to finally form a multicellular
tube.
Unexpected Cell Splitting during Tube Remodeling
In order to understand the cellular events during the transition of
a unicellular tube to a multicellular tube, we followed tubeopmental Cell 25, 492–506, June 10, 2013 ª2013 Elsevier Inc. 495
Figure 3. Formation of a Multicellular Tube through Cell Rearrangements
(A and B) Still pictures of a time-lapse movie showing PLA formation in a transgenic embryo Tg(fliep:GFF)ubs3,(UAS:mRFP),(UAS:VE-cadherinDC-EGFP)ubs12.
Cell-cell junctions are marked in green and cell cytoplasm in red. One of the cells is a unicellular tube (A, red arrow) connected to the neighboring cells by ring
shaped junctions (A and B, white/black arrows). A blood cell is visible within the lumen. With time the junctional rings move closer together meaning the
neighboring cells migrate toward each other (A0, white arrows). Finally the rings meet making a new connection visible as a line of junctions (A00, white arrow). At
this time point several blood cells go through the vessel. (B) shows VE-cadherin-EGFP alone (black).
(C and D) Still pictures of a time-lapse movie showing cell rearrangements in a transgenic embryo Tg(fliep:GFF) ubs3,(UAS:mRFP),(UAS:EGFP-ZO-1)ubs5. The
images show time points corresponding to (A), with only a single cell marked with EGFP-ZO-1 (C, green; D, black) and the endothelial cell cytoplasm in red. The
cell (C, red arrow) is connected to the neighboring cells by ring shaped junctions. The cell body narrows on one side of the tube as the junctional ringsmove closer
together (white arrows point the narrowing cell side). Finally, the cell splits on one side changing from unicellular tube into a flat cell, a part of the multicellular tube
with one continuous junctional ring (white arrow).
(E) A cellular model of unicellular to multicellular tube transformation. The middle cell (green) is initially a unicellular tube (E). The neighboring cells (red, yellow)
move closer together making the green cell narrow on one side of the tube (E0). Finally the green cell splits on one side of the tube to allow the red and yellow cells
to meet and establish a new connection (E00, arrow).
Scale bars, 20 mm. See also Figure S2 and Movies S2 and S4.
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junctions, EGFP-ZO-1 and VE-cadherin-EGFP (Figure 3; Movies
S2 and S4). The initial new PLA vessel consisted of two cells with
transcellular lumen connected to each other by a junctional ring
and connected to the following cells by rings and/or lines of junc-496 Developmental Cell 25, 492–506, June 10, 2013 ª2013 Elsevier Itions (Figures 1D00 0, 1E00 0, and 1F00 0). In time-lapse experiments,
we observed that the rings connecting the unicellular tube to
its neighbors moved toward each other on one side of the vessel
(Figures 3A–3D0, n = 22), meaning that the neighboring cells ap-
proached each other. Finally, the junctional rings touched andnc.
Figure 4. A Multistep Process Underlies Vessel Anastomosis
(A) In the first step, tip cells contact each other via filopodial extensions.
(B) Such contacts result in the formation of stable cell connections, manifested
by the colocalization of VE-cadherin and ZO-1 at specific sites.
(C) At these sites of contacts, apical membrane is inserted, manifested by the
localization of Podocalyxin-like 2.
(D) Concomitantly, filopodial activity of tip cells is dramatically reduced. While
the luminal pocket generated by tip cell polarization and apical membrane
insertion is slowly enlarged, the apical membranes that connect the tip cells to
their corresponding stalk cells are invaginating rapidly due to blood plasma
pressure, and eventually connect to the de novo generated luminal pocket.
These initial steps in the anastomosis process thus lead to a vessel in which the
two tip cells have a transcellular lumen.
(E–H) In a subsequent step (E), tip cells rearrange such that they eventually
connect up to adjacent stalk cells (F) and form cell interactions (G). During
these steps, the initial unicellular tip cells change shape through a cell-splitting
event. As a result of this multistep process, a perfused multicellular vessel is
generated (H). This vessel carries no obvious sign showing that it has been
generated by a fusion process.
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Develextended their contact area, thereby forming a new line of junc-
tions (Figures 3A00 and 3B00). This means that a new connection
was made between cells within the vessel, which were initially
separated by a single cell making up the unicellular tube. At
the same time, the cell forming this unicellular tube had to split
on one side of the tube to allow the other cells to contact each
other. This process was seen very clearly in the single-cell label-
ing experiments, in which only the ‘‘splitting cell’’ was labeled
with the EGFP-ZO-1 marker (Figures 3C and 3D; Movie S2).
The borders of the cell moved closer together, thereby narrowing
the cell body on one side of the tube and eventually forming a
very thin cytoplasmic bridge (Figure 3C0). This bridge was subse-
quently broken and the cell membranes reconnected in a
different configuration, perpendicular to the previous one (Fig-
ures 3C00 and 3D00). At that point, the cell no longer had a trans-
cellular lumen but adopted a U-shape with a single, large ring
of junctions and became part of a multicellular tube with an
extracellular lumen (Figures 3C00 and 3D00). As mentioned before,
both tip cells can form unicellular tubes after the fusion is
completed. Both of them also undergo ‘‘cell splitting,’’ usually
one after the other. As they are in contact with each other, they
directly participate in the splitting of one another, temporarily
taking the role of a ‘‘neighboring cell.’’ Using live imaging and
transgenic lines, we thus defined a multistep process underlying
the formation of the PLA (model in Figure 4).
The PCeV Forms through Similar Cell Rearrangement
and Cell-Splitting Events
To verify whether the described cellular processes also underlie
fusion of larger vessel sprouts at later embryonic stages, we
looked at the posterior (caudal) cerebral vein (PCeV), which
forms in the dorsolateral region of the embryo head and con-
nects the dorsal longitudinal vein (DLV) to the primary head sinus
(PHS) on both sides of the brain (Figures 5A–5D). The vessel
fuses between 2.5 and 3 dpf and is relatively large. The sprouts
coming from the DLV and the PHS were wide and multicellular,
but, like in the case of the PLA, were led by single tip cells (Fig-
ure 5A0, Movie S5, n = 4). The tip cells were partially lumenized
through membrane invagination and extended long filopodia
(Movie S5). A new spot of VE-cadherin-EGFP accumulated
upon contact of the filopodia and subsequently elaborated intoopmental Cell 25, 492–506, June 10, 2013 ª2013 Elsevier Inc. 497
(legend on next page)
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lumen was formed in both tip cells (Figures 5B0–5C00) and further
cellular rearrangements, virtually identical to those observed in
the PLA, transformed the perfused vessel into a multicellular
tube (Figures 5D0 and 5D00). Thus, the multistep process we
describe during PLA formation, including transcellular lumen for-
mation and cell splitting, appears to be a common feature of lu-
menized vessel anastomosis in the zebrafish.
Fusion of CMV to PLA Reveals Common Features of
Vascular Anastomosis Events
Many vessels in a developing embryo are formed through fusion
of two sprouts growing out of existing vessels, similar to the PLA
or the PCeV. However, connections also form through fusion of a
sprout to an existing, lumenized vessel, leading to a vascular
junction with three or more branches. Such a situation is seen
in the formation of the PLAJ, which connects the two CMVs to
the PLA (Figure 1B00). The CMV sprouted ventrally toward the
PLA (Figure 6A, Movie S6, n = 7), which was at that time already
a lumenized, multicellular vessel. The leading tip cell of the CMV
connected to the PLA via filopodia, leading to the accumulation
of VE-cadherin-EGFP (Figure 6B). This first contact was made to
the basal membrane of a cell within the PLA. The junctional spot
rapidly elaborated into a ring, which eventually moved and con-
nected to existing junctionswithin the PLA (Figure 6C). The newly
formed apical membrane of the CMV tip cell invaginated into the
sprout leading to transcellular lumen formation in this cell, from
the PLA up toward the stalk of the sprout (Figures 6C–6G). The
initial unicellular tube was eventually transformed into a multicel-
lular tube through dynamic cell rearrangements, similar to the
ones observed in PLA and PCeV (data not shown, model in Fig-
ure 6I). Even though the shape of the CMV-PLA connection is
more complex than the one of the previously described vessels,
we still observed the same cellular mechanisms, following the
multistep fusion model adapted to this different vascular
arrangement. Thus, the same cellular events connect either
two sprouts or a single sprout with an existing patent vessel.
Together, this suggests that the multistep process described
here is conserved and can be considered a general mode for lu-
menized blood vessel sprout anastomosis in the zebrafish.
Transcellular Lumen Formation Is Highly Influenced by
Blood Flow
All of the analyzed cranial vessels form in the presence of blood
flow in the neighboring and parental branches. As described
before, the presence of blood plasma pressure in the sprouts ap-
pears to be important for the initial lumen formation by providing
force for membrane invagination. Therefore, we asked whetherFigure 5. PCeV Forms through Cell Rearrangement and Cell-Splitting
Still pictures of a time-lapse movie showing the formation of the PCeV (posterior
(A)–(D) show a dorsal view (anterior up) of the head vasculature (green) at 60–72
longitudinal vein) are marked with white arrows.
(A0)–(D00) show close-up of the PCeV fusion at time points corresponding to (A)–(D
EGFP)ubs12. Right panel shows a close-up of VE-cadherin-EGFP alone (black).
Two lumenized sprouts approach each other led by single tip cells (A0, white arrow
spot becomes a ring as the cell contact surface expands (B0 and B00, white/black a
and blue bars). When the lumen is perfused, the new junctional ring approaches ju
cell rearrangements that transform the vessel into a multicellular tube.
Scale bars, 20 mm. See also Movie S5.
Develthe presence of this force is necessary, and, if so, which steps
of the fusion process are most dependent on the presence of
blood pressure. To characterize embryos that do not have any
blood flow, we performed knockdown experiments using a mor-
pholino that targets cardiac troponin T2a (tnnt2a) and causes the
silent heart phenotype, in VE-cadherin-EGFP expressing fish (n =
5). The initial steps of PLA fusion occurred normally; the sprouts
grew out, and upon contact, a junctional spot containing VE-
cadherin was established and subsequently transformed into a
ring (Figures S2A–S2C). The membrane within the junctional
ring was apically polarized, as shown by Pdxl2 staining (Fig-
ure S2H). However, due to the lack of plasma pressure, no trans-
cellular lumen was formed, and no apical staining was present
outside of membrane compartments defined by junctional rings
and lines, confirming that membrane invagination did not take
place (Figures S2G and S2H). Despite the lack of a transcellular
lumen, the cells within the vessel rearranged. After tip cell con-
tact formation, neighboring cells from both sides moved toward
each other and established new connections, transforming the
vessel into a multicellular cord with continuous lines of junctions
(Figures S2D–S2F) and continuous apical staining (data not
shown), showing that cell polarization is independent of the pres-
ence of blood flow. Due to the lack of pressure and the resulting
failure to generate unicellular tubes, the cell rearrangements did
not result in cell splitting.
To investigate in more detail the role of blood flow in the initial
steps of blood vessel fusion, we performed experiments using
a high dose of tricaine methanesulphonate (43 tricaine), which
resulted in significant decrease in the heartbeat and caused
a collapse of vascular lumens in developing vessels. The PLA
development was imaged before, during, and after 43 tricaine
treatment in embryos with VE-cadherin-EGFP labeled junctions
(n = 13, Figure S2; Movie S7). The heartbeat was inhibited
at different stages of PLA fusion to assess the importance of
blood pressure for particular steps. In all experiments analyzed,
the PLA fusion continued upon lumen collapse, similar to the
process observed in silent heart embryos completely lacking
blood flow; the cells formed contacts and rearranged, but no
unicellular tubes formed. After removal of tricaine, the heartbeat
increased immediately and the lumenswere reinflated. From that
point on, the fusion process continued following the regular,
pressure-dependent mode. In cases in which a new contact
had just formed, lumen inflation was followed by unicellular
tube formation in the tip cells (Figure S2I; Movie S7, embryo 1).
In those cases, in which the cells had completed the cell
rearrangements before tricaine removal, the lumen inflated
immediately throughout the multicellular PLA (Figure S2J; Movie
S7, embryo 2).Events
(caudal) cerebral vein).
hpf of a Tg(kdrl:EGFP)s843 zebrafish embryo. The fusing PCeV and DLV (dorsal
) of a transgenic embryo Tg(fliep:GFF)ubs3,(UAS:mRFP),(UAS:VE-cadherinDC-
s). A spot of VE-cadherin-EGFP is visible upon contact (A00 0, white arrow). The
rrows show ring edges). Transcellular lumen forms in both tip cells (B0–C00, white
nctions of following cells and contacts them (C0 and D00, red arrows), indicating
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transcellular lumen formation through cell membrane invagina-
tion but is not necessary for cellular rearrangements to take
place within an existing vessel. Cell splitting does not occur in
the absence of blood flow as it requires a cell to first take the
shape of a unicellular tube, and such tubes are only generated
and maintained in the presence of blood plasma pressure.
VE-Cadherin Is Necessary for Single Contact Formation
during Vessel Fusion
The proper establishment of a junctional connection is essential
for the formation of new vessels and is one of the first steps of the
vessel fusion model we propose. It was previously reported that
the zebrafish VE-cadherin plays an important role in stabilizing
novel vascular sprouts; reduction of VE-cadherin expression
with a morpholino results in a lack of correct connections
(Montero-Balaguer et al., 2009; Wang et al., 2010).
We used zinc finger nucleases to generate deletions in the ve-
cadherin gene and isolated a null mutation (ubs8), which
produces a truncated, nonfunctional protein (see Experimental
Procedures). This mutation allowed us to investigate the role of
VE-cadherin in the proposed multistep fusion process we
described above. We analyzed PLA anastomosis in wild-type
(n = 5) and ve-cadherinubs8/ubs8 (n = 7) embryos, using single-
cell photoconversion experiments to differentially visualize the
connecting sprouts in a transgenic zebrafish line expressing
Eos2 photoconvertible protein in ECs (Tg(kdrl:tdEos2)ubs15).
We additionally used silent heart embryos (n = 4, Figure S3) as
a control, because the VE-cadherin mutants do not develop
proper blood flow due to severe heart defects.
In both wild-type and ve-cadherinubs8/ubs8 embryos, tip cells
displayed numerous filopodia and migrated toward each other
in a similar fashion (Figures 7A and 7B; Figure S3C; Movie S8).
However, while wild-type tip cells upon contact withdrew super-
numerary filopodia and rapidly extended their initial single con-
tact surface, the ve-cadherin mutant tip cells did not show
such a behavior. In contrast, they continued sprouting activity
long after the opposing cells had met and kept on extending
additional filopodia, which resulted in the formation of several
short connections instead of expanding the existing ones (Fig-
ures 7A and 7B; Movie S8). As a consequence, the tip cell con-
tact surface expanded slower in the mutant embryos compared
to the controls (Figure S3F). In 50% of the mutant movies (n = 7),
we observed additional cells in the sprout showing tip cell
behavior, which contributed to the increased number of contact
points between the opposing sprouts.
In order to analyze the initial fusion events with greater detail,
we imaged the process using high time resolution (recording
every 15–30 s, n = 9), which allowed the observation of the dy-Figure 6. Fusion of a CMV Sprout to an Existing PLA Vessel
(A–F) Still pictures of a time-lapse movie showing fusion of CMV to PLA in a transg
CMV (communicating vessel) sprouts ventrally toward the PLA (A, arrow). The lead
of junctions (B, arrow). The newly formed ring connects to an existing junctional line
PLA upward (C, white bar). The lumen extends through the whole sprout (E and
(G) A cellular model of the CMV-PLA fusion. The CMV tip cell is green, followed b
new junctional connection to the PLA (black ring, arrow). Lumen (bright green, re
(H) A model of an alternative lumen formation process, where the CMV is lumeni
(I) Blue bars mark the cellular/junctional rearrangements leading to transformatio
See also Movie S6. Scale bars, 20 mm.
Develnamic filopodial activity during contact formation of PLA sprouts.
We analyzed tip cell behavior using either photoconversion
experiments (Tg(kdrl:tdEos2)ubs15) or visualization of the cell
membrane marker described above (TgBAC(kdrl:mKate2-
CAAX)ubs16). We found that filopodial activity was high before
tip cell contact, both in wild-type and in ve-cadherinubs8/ubs8 em-
bryos (Figures 7C, 7D, and S3D; Movie S9). While wild-type tip
cells quickly established contact, mutant tip cells failed to recog-
nize each other and took much longer to form a contact. Addi-
tionally, they continued sprouting and migration after the first
contact was made, forming several connections over a large
area that resulted in independent contact sites and holes within
the contact surface.
Surprisingly, antibody staining analyses showed that ZO-1
and ESAM-a (endothelial cell-selective adhesion molecule a)
were localized to the multiple contact points between the two
connecting sprouts, demonstrating that tip cell interaction/
recognition occurred in the absence of VE-cadherin (Figures
7E, S3A, and S3B). In many cases, apical membrane accumu-
lated within these contact areas, as evidenced by the presence
of Pdxl2 (Figure S3E). Consistent with the live imaging data, mul-
tiple contacts were formed and maintained, suggesting that the
VE-cadherin protein is necessary for the generation of a single
polarization event between interacting tip cells.
To observe the dynamics of the junctional contact formation in
the mutant, we analyzed ve-cadherinubs8/ubs8 embryos express-
ing EGFP-ZO-1 (Figures 7F and 7G; Movie S10). Similar to the
wild-type analyses (Movie S2), we observed a single labeled
tip cell during the PLA formation. The sprouting tip cell ex-
pressed EGFP-ZO-1 uniformly at the membrane and, upon con-
tact with the other tip cell, deposited the junctional protein at the
contact site. However, the tip cell failed to properly form a single
junctional ring; the connection was changing shape and the ring
seemed to collapse, break, and split over time. The tip cell
continued its sprouting activity and established a new connec-
tion a bit further up the other sprout, resulting in a new junctional
spot. This process was repeated, and in total three contact sites
were observed (Figures 7F00–7G00 0). These sites eventually
merged into a single one as the cells kept on moving over each
other. These observations of the dynamic junctional rearrange-
ments are in line with the other live imaging data and explain
the disturbed junctional patterns observed in the antibody stain-
ing experiments.
VE-cadherin was shown to interact with VEGF Receptor 2
(VEGFR2) and ve-cadherin mutant cells show increased activity
of this receptor (Abraham et al., 2009; Lampugnani et al., 2006).
To analyze whether the phenotype we observed was related to
the increased response of ECs to VEGF signaling, we used low
doses of VEGFR2 inhibitor SU5416 in ve-cadherin mutant andenic embryo Tg(fliep:GFF)ubs3,(UAS:mRFP),(UAS:VE-cadherinDC-EGFP)ubs12.
ing tip cell connects to the PLA on the cell body of one of the ECsmaking a spot
on the PLA (C, arrow) and transcellular lumen forms in theCMV tip cell from the
F, white bar).
y a yellow stalk. The PLA is bright gray with dark gray junctions. CMV makes a
d bar) is pushed through the tip cell and inflates up the sprout.
zed from the CMV sprout toward the PLA (follow the red bars).
n of the CMV into a multicellular tube.
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Figure 7. VE-Cadherinubs8/ubs8 Embryos Show Defects in the Initial Steps of the Fusion Process
(A and B) Still pictures of a time-lapse movie showing development of the PLA in a transgenic line ve-cadubs8/ubs8;Tg(kdrl:tdEos2)ubs15; of a wild-type embryo (A)
and a ve-cadherinubs8/ubs8 embryo (B). White arrows point at cell extensions, single on each sprout in the wild-type (WT) embryo (A) and multiple in ve-cad-
herinubs8/ubs8 mutant (B). Upon contact formation, theWT sprouts have one contact point (A0, yellow arrow) and do not form additional extensions, as the contact
surface elaborates (A00 and A00 0, yellow arrows point at the sprout end, blue arrows show the length of the contact surface). The ve-cadherinubs8/ubs8 sprouts form
multiple extensions (B0–B00 0, white arrows) and multiple contact points form between the sprouts (yellow arrows). The continuous contact surface of the sprouts
expands slowly (blue arrows).
(C and D) Still pictures of spinning disc time-lapse movies showing development of the PLA in transgenic line TgBAC(kdrl:mKate2-CAAX)ubs16 of wild-type (C)
and VE-cadherin mutant (ve-cadubs8/ubs8) (D) embryos. Black arrows point at sprouting cell extensions, single or double in WT (C and C0) and multiple in
(legend continued on next page)
Developmental Cell
Morphogenetic Pathway of Vascular Anastomosis
502 Developmental Cell 25, 492–506, June 10, 2013 ª2013 Elsevier Inc.
Developmental Cell
Morphogenetic Pathway of Vascular Anastomosiswild-type embryos and studied the fusion process. The lowest
SU5416 dose used (0.1 mM) was sufficient to inhibit migration
of WT sprouts for several hours but did not affect migration of
mutant sprouts, suggesting that higher amounts of VEGFR2
might be present on VE-cadherin deficient ECs. However, this
dose did not change the fusion phenotype of the ve-cadherin
mutant embryos and the cells still produced supernumerous ex-
tensions and cell-cell recognition was disturbed (Movie S11).
Higher SU5416 doses (0.5–2 mM) inhibited mutant sprout migra-
tion for several hours and delayed fusion; however, the cell
behavior phenotype was also not rescued under these
conditions.
These results demonstrate that VE-cadherin plays a central
role in coordinating the anastomosis process at the early steps
but appears to be dispensable for its initiation, suggesting that
at least one other molecule is involved in this step of new vessel
formation. In vessels lacking VE-cadherin, cells do not seem to
recognize that contact formation has already occurred and
continue angiogenic activity instead of proceeding to the next
steps of the anastomosis process. This altered cell behavior re-
sults inmultiple contact sites present over small areas of the cells
that do adhere and polarize, but fail to form a continuous contact
surface (Figures 7H and 7I, model).
DISCUSSION
In this study, we have analyzed how vessel sprouts anastomose
in different vascular beds. We found that vessel anastomosis is
brought about by a highly stereotypic multistep process, inde-
pendent of whether new connections are made in an end-to-
end fashion, involving the interaction of two tip cells, or in an
end-to-side fashion, when the tip cell of a nascent sprout en-
gages with an EC of an existing, lumenized vessel.
Initial Steps of Fusion Initiate Cell Polarization
During end-to-end anastomosis, nearby sprouts establish
contact through filopodia of their respective tip cells. This initial
contact quickly results in the establishment of a circular cell junc-
tion between the two tip cells. The cell membranes within these
junctional rings are apically polarized, thus enclosing a luminal
pocket, which will eventually be incorporated in the patent
vessel. This process is consistently observed and has previously
been reported for the SAs (Herwig et al., 2011). During anasto-
mosis between the CMV and the PLA, a single tip cell from theve-cadherinubs8/ubs8 vessels (D and D0 ). Red arrows point at cell-cell contacts. Th
whereas in the mutant they persist over time resulting in a noncontinuous contac
(E) Antibody staining of fusion steps corresponding to images in (A). Ve-cadubs8/ub
antibodies were used. Junctions within vessels are visible where signals overlap
points where junctional proteins are deposited (E0–E00 0).
(F and G) Still pictures of a time-lapse movie showing contact formation in a trans
ZO-1). EGFP-ZO-1 (green in F; black in G) is expressed in only one tip cell. Cell bo
yellow arrows), but the cell forms new extensions (white arrow) that form additio
(H and I) Cellular models of initial steps of the fusion process in wild-type (H) and
which in the wild-type are limited to one to two per tip cell (H andH0) and in themut
tip of the mutant sprout (I, red and blue cell) increasing the number of the observed
of new junctional material in the wild-type (H0, black dots) as well as the mutant
contact formation proceeds, the wild-type sprouts merge all the contact sites in
sprouts fail to merge all the contact sites resulting in multiple and disturbed junc
See also Figure S3 and Movies S8, S9, and S10. Scale bars, 20 mm.
DevelCMV contacts an EC within the PLA, which is a fully patent and
blood-carrying vessel at this stage. CMV tip cell filopodia contact
the ‘‘target vessel’’ on the basal side of the EC; these initial con-
tact lead to junctional ring formation, indicating that the basal
side of ‘‘resting’’ ECwithin a blood vessel can also be repolarized
and undergo anastomosis.
Initial contacts between filopodia are thought to be mediated
through cell-type-specific cell adhesion molecules (reviewed in
Dejana, 2004; Xu and Cleaver, 2011). We have generated a
loss-of-function mutation in the ve-cadherin gene in zebrafish
and characterized homozygous ve-cadherin mutant embryos
to explore the role of this vascular-specific protein during fusion
of the PLA. In wild-type embryos, filopodia display a highly co-
ordinated behavior; we observed that tip cells initially interact
via one or more filopodial contacts. However, once the first
contact has been firmly established and adherens junctions
(AJ) components have been deposited at the site, the supernu-
merous filopodial contacts either resolved or merged with the
primary contact site. In ve-cadherin mutants, tip cells do not
‘‘respond to’’ or ‘‘sense’’ these initial contacts, and thus several
filopodial contacts are maintained, leading to several AJ depo-
sit sites.
Previous studies have shown that VE-cadherin is required for
the maintenance of endothelial quiescence (Dejana and Giam-
pietro, 2012). Reduction of VE-cadherin in cell culture or zebra-
fish embryos leads to hypersprouting of ECs, and it has been
suggested that this phenotype may be caused by an overactiva-
tion of VEGF-R2 signaling (Abraham et al., 2009; Lampugnani
et al., 2006). Our observations on endothelia cell behavior during
PLA fusion in ve-cadherin mutants are consistent with these
studies; we also observed that tip cells form additional exten-
sions even after tip cell contact formation. However, our time-
lapse analyses suggest that the primary defect in ve-cadherin
mutants resides in the failure of proper cell-cell recognition be-
tween VE-cadherin deficient ECs, because experiments with
limiting amounts of VEGFR2 inhibitor did not result in normaliza-
tion of the tip cell phenotype.
Cell culture experiments and in vivo studies on the formation of
the dorsal aorta in mice have indicated an essential role VE-cad-
herin for apical polarization and lumen formation (Lampugnani
et al., 2010; Strilic et al., 2009). Surprisingly, we have not
observed defects in apical polarization in the absence of VE-
cadherin. These results suggest that additional cell surface pro-
teins are involved in AJ protein deposition and repolarization ofese contacts resolve into a continuous contact surface in wild-type (C00–C00 00),
t surface (D00 and D00 0).
s8;Tg(kdrl:EGFP)s843 embryos (red) and anti-ZO-1 (blue) and anti-ESAM (green)
(white). White arrows mark cell extensions (E). Yellow arrows mark the contact
genic embryo ve-cadherinubs8/ubs8;Tg(fliep:GFF)ubs3;(UAS:mRFP);(UAS:EGFP-
dies are red (F). Upon contact of the tip cells a junctional ring forms (F0 and G0,
nal contacts with the other sprout (F00 and F00 0, yellow arrows).
ve-cadherinubs8/ubs8 vessels (I). Initially, both sprouts form multiple extensions,
ant often reach three to five (I and I0 ). Multiple cells can be present at the leading
extensions. When the filopodia touch, a contact is established with deposition
sprouts (I0, black dots). In the mutant, more contact spots are present. As the
to one to form a continuous contact surface (H00 and H00 0), whereas the mutant
tional connections.
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teins remain to be identified.
Fusion of Two Apical Surfaces Connects Two Lumens
Upon the de novo formation of AJ and apical membrane insertion
at the contact site, each tip cell is situated between two lumens,
a distal one at the contact site and a proximal one at the base of
the sprout. To connect the two lumens, the luminal membrane at
the proximal site invaginates under the force exerted by blood
plasma pressure and fuses to the distal cell membrane. This
role for a mechanical force in vascular lumen formation is a strik-
ing parallel to the recently described requirement for a hydrody-
namic force in canal cell lumen formation in C. elegans (Khan
et al., 2013). It will be most interesting to identify the molecules
that connect forces to membrane extension.
Cell Rearrangements Lead to Cell Splitting and
Conversion of a Unicellular Tube into a Multicellular
Tube
When blood vessels anastomose in a perfused surrounding, we
find that the tip cell is invariably converted into a seamless tube
containing a transcellular lumen. Within a short time window of
less than 3 hr, this seamless tube is converted into a multicellular
one. In vivo studies, in particular in quail embryos, have shown
that ECs are quite motile and move considerable distances
within the endothelium (Sato et al., 2010). Also in zebrafish, we
have observed that ECs can switch positions between different
segmental vessels (Blum et al., 2008). Thus, dynamic cell rear-
rangements within the endothelium appear to represent very
common EC behavior in vivo. While it may be easy for ECs to
move within multicellular tubes, seamless tubes do not have
continuous cell junctions along their axes that facilitate cell
movements. However, we find that ECs located adjacent to
the seamless tube converge toward each other, thereby
imposing drastic cell shape changes onto the intervening cell,
which eventually results in cell splitting and in the generation of
a multicellular tube with longitudinal junctions. From this
perspective, it appears that the conversion of unicellular tubes
into multicellular tubes is driven by intrinsic motile EC behavior
and one would thus expect to find these conversions in most
cases of anastomosis, which is indeed the case.
In order for cells to resolve the unicellular configuration, the
former tip cell is split along one side of the tube, as neighboring
cells close in on each other and physically interact. To our knowl-
edge, this is the first time that such cell behavior has been
observed to be an intrinsic step in a morphogenetic process.
Splitting of the cell, in this context, may be best described as a
change of cell shape from a ring to a u-shaped surface, which
is mediated by an opening and immediate resealing of the cell
membrane. This step may be reminiscent of the final steps of
cytokinesis (abscission) during mitotic cell division (reviewed in
Chen et al., 2012a; Fededa and Gerlich, 2012). Alternatively,
splitting of the cell membrane may result in small lesions that
are sealed by a general membrane healing process (Draeger
et al., 2011; Roostalu and Stra¨hle, 2012).
Blood Flow Is a Regulator of Anastomosis
The morphogenetic pathway we have described takes place in
the presence of blood flow. Similarly, it has been described504 Developmental Cell 25, 492–506, June 10, 2013 ª2013 Elsevier Ithat, during angiogenesis in the postnatal mouse retina, the tip
cell is in contact with the lumen as the sprout is growing out (Ger-
hardt et al., 2003). Blood flow has been implicated in many
aspect of vascular remodeling, including blood vessel outgrowth
and pruning (Bussmann et al., 2011; Chen et al., 2012b; Culver
and Dickinson, 2010; Nicoli et al., 2010). We have investigated
the role of blood flow during anastomosis of PLA and found
that membrane invagination and consequently transcellular
lumen formation does not occur in the absence of blood pres-
sure. However, ECs are still motile, forming a vascular cord
with luminal pockets, which subsequently converge into a
continuous, noninflated lumen by further cell rearrangements.
This ‘‘cord hollowing’’ mechanism is the same as the one we
have observed during anastomosis of SAs that are not exposed
to blood pressure if they fuse prior to the onset of blood flow in
the zebrafish embryo (Herwig et al., 2011).
Future work will be directed toward understanding the
molecular mechanisms that underlie and coordinate these
complex cell behaviors during anastomosis. Recent studies in
the MDCK system have shown that Synaptotagmin-like proteins
control the formation of a single membrane domain in epithelial
cells via the spatiotemporal organization of vectorial apical
transport (Ga´lvez-Santisteban et al., 2012). Previous studies on
cell polarization and lumen formation in MDCK and in ECs
have also shown important roles for many intracellular proteins,
for example, the Par3/Par6/aPKC complex, Rasip1 (Xu et al.,
2011), CCM1 (Lampugnani et al., 2010), and the exocyst com-
plex (Bryant et al., 2010) in initial polarization and subsequent
apical membrane formation and lumen generation. It will be
interesting to investigate the role of these proteins during contact
formation and de novo polarization of ECs in vascular fusion
events in vivo.EXPERIMENTAL PROCEDURES
Generation of the ve-cadherinubs8/ubs8 Mutant Zebrafish
A ve-cadherin null mutation was isolated using zinc finger nucleases (Sigma),
generating a stop codon in the first extracellular domain of the protein. Gener-
ation and characterization of the mutant fish will be described elsewhere in
more detail. Beside the vasculature, the overall morphology of the mutant em-
bryos is identical to wild-type within the time of our analyses (0–48 hpf).Immunofluorescence and Imaging
Antibody staining was performed as described previously (Blum et al., 2008;
Herwig et al., 2011). Images were taken with Leica TCS SP5 confocal micro-
scope using a 633 glycerol immersion objective or a 403 water immersion
objective. Images were analyzed using Imaris (Bitplane) and Image J software
(http://imagej.nih.gov/ij/).In Vivo Time-Lapse Analysis
Transgenic embryos selected for presence of fluorescence were anaesthe-
tized in 13 tricaine (0.08%) and mounted in a 35 mm glass-bottom Petri
dish (0.17 mm, MatTek), using 0.7% low melting agarose (Sigma) containing
0.08% tricaine and 0.003% 1-phenyl-2-thiourea (PTU; Sigma-Aldrich). Leica
TCS SP5 confocal microscope was used for time-lapse analyses. Images
were taken using following objectives: 203 air, 403 water, and 633 glycerol
immersion. Single-cell photoconversion was performed as described before
(Herwig et al., 2011). High time resolution analyses were performed using a
3i spinning disc microscope and 633 oil immersion objective or Leica TCS
SP5 confocal microscope with resonance scanner. All images are maximal
z-stack projections.nc.
Developmental Cell
Morphogenetic Pathway of Vascular AnastomosisMicroangiography
Fluorescein labeled 500 kDa Dextran (Molecular Probes) was injected into the
sinus venosus of mounted embryos using glass needles (Biomedical Instru-
ments) with tip opening of 10 mm and beveled tip.
Morpholino Injections
One to two cell-stage embryoswere injectedwith 4 ng of antisensemorpholino
oligonucleotide targeting the start codon region of the cardiac Troponin T2a
(50-CATGTTTGCTCTGATCTGACACGCA-30 ). The morpholino causes com-
plete loss of heartbeat (Sehnert et al., 2002). The analyzed embryos were
selected based on this criterion.
Heart Arrest using Tricaine Methanesulphonate
Embryos were mounted in agarose for live imaging, covered with 13 tricaine
(0.08%) in egg water and imaged for 1–2 hr. The water was replaced with
43 tricaine in egg water, which strongly reduced heartbeat and completely in-
hibited blood circulation. After 5–6 hr of imaging the water was replaced again
with 13 tricaine, bringing back heartbeat and blood flow.
SU5416 Treatment
DMSO stock solution (2 mM) of VEGFR2 inhibitor SU5416 (Sigma) was diluted
in both agarose and egg water covering imaged embryos to the final concen-
tration specified in the results (0.1–2 mM).
Fish Maintenance and Stocks
Zebrafish were maintained at standard conditions (Westerfield, 2000). Em-
bryos were staged by hours postfertilization (hpf) at 28.5C (Kimmel et al.,
1995). The following zebrafish lines were used in this study: wild-type
fish (AB/EK and EK/TL), Tg(kdrl:EGFP)S843 (Jin et al., 2005), Tg(UAS:EGFP-
ZO1-cmlc:EGFP)ubs5-7 (Herwig et al., 2011), Tg(UAS:RFP) and Tg(fli1ep:
GAL4FF)ubs2-4 (Totong et al., 2011; Zygmunt et al., 2011), TgBAC(kdrl:
mKate2-CAAX)ubs16 this study, Tg(kdrl:tdEos2)ubs15 this study,
Tg(kdrl:mKate2-3NLS)ubs13 this study, and TG(UAS:VE-cadherinDC-
EGFP)ubs12 this study. Details on plasmids and transgenic line generation
can be found in the Supplemental Information.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
three figures, and 11 movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2013.05.010.
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